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I n t r o d u c t i o n
Empirical finance literature provides various methods of refining intra-day prices in order to measure the daily volatility. The objective of the paper is to fill the gap in the literature between theoretical aspects and empirical applications of constructing realized volatility. In particular, we extend the literature by examining a long length dataset for 17 European and USA stock indices. We consider a range of European and USA indices to be able to extend previous studies which mainly consider data from few markets i . The proposed method of constructing realized volatility offers useful findings for practitioners.
Following recent papers on realized volatility forecasting and market microstructure noise (e.g. Andersen et al., 2011) , the paper advocates choosing a model-free ii de-noising approach for the construction of intra-day realized volatility measures. This method has the advantage of being accurate-to-estimate and, at the same time, straightforward to apply (simple in terms of numerical computations). The high frequency log-returns are constructed according to the previous tick method, in order to get volatility measures which do not converge in probability to zero. In addition, the realized volatility measures are assembled in sampling frequency selected according to the volatility signature plot by minimizing the noise accumulation due to market frictions.
The paper provides an extension of the earlier empirical investigations reported in Andersen et al. (2001a Andersen et al. ( , 2001b Andersen et al. ( , 2010 Andersen et al. ( , 2011 , Hansen and Lunde (2005) , Jungbacker and Koopman (2006) , and Thomakos and Wang (2003) . These papers provide evidence on the stylized facts of realized volatilities using traditional approaches under several assumptions. We extend these studies by explicitly accounting for the stylized facts of realized volatilities in a simple form; this is highly important for financial decision-makers who deal with high-frequency datasets.
In particular, we investigate the distributional properties of realized stock return volatilities of the major European and USA markets and verify the stylized facts noted in financial literature. The results from 17 European and USA markets support empirically the notion that inter-day adjusted realized standard deviation is highly leptokurtic and skewed to the right, while the daily realized volatility is i This is important as the current debate on the 2008 financial crisis give emphasis to the domino effect of the major stock markets.
ii By the term model-free we note a de-noising method that does not assume a predefined model configuration for microstructure noise.
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approximately log-normally distributed. The standardized log-returns with the realized standard deviation have a 94% lower standard deviation and 69% lower kurtosis than the raw log-returns.
Additionally, the paper provides evidence that the correlation between realized volatilities is not constant across time. Although, the correlation between realized volatilities is positive and high, for some periods it decreases dramatically. The correlation between USA (or European) volatilities is much higher than the correlation across USA and European volatilities. Pushing the analysis one step further, we confirm that the inter-day adjusted realized volatility reduces significantly the underestimation of the true variability (of the integrated variance).
In the section follows, the theoretical framework of integrated variance and the concept of the realized volatility are illustrated. Section 3 describes easy-toimplement adjustment procedures for the construction of realized volatility estimators; the linear interpolation and the previous tick methods for constructing the sequence of the calendar time sampling prices, as well as the volatility signature plot to identify the bias induced by microstructure frictions. Section 4 applies the proposed method to construct the realized volatility for 17 European and USA stock indices.
Section 5 investigates the variance reduction of integrated volatility due to the interday adjustment. Section 6 investigates the time-varying correlation among the realized volatilities. Section 7 provides information for the distribution of inter-day adjusted realized standard deviations, whereas section 8 concludes and provides insights for future research.
U l t r a -H i g h -F r e q u e n c y R e a l i z e d V o l a t i l i t y
The
, the asset price is observed.
process is observed at sampling frequency iii We denote the sampling frequency m , which lowers as the number of samples increases. On the contrary, the notion of ultra-high frequency defines the mean of high number of equidistance points in time  . In the remaining of the manuscript, when the points in time, i.e. the size of the sample, increase we will note that the sampling frequency increases.
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efficient prices generated by the true data generated mechanism, i.e. the diffusion 
being the realized quarticity; a consistent
. M e a s u r i n g R e a l i z e d V o l a t i l i t y

Equidistance Price Observations
Linear interpolated prices between preceding and immediately following quotes are computed weighting linearly their inverse relative distance to the desired point in time. Hansen and Lunde (2006a) noted that the linear interpolated realized volatility measure method converges in probability to zero as the number of subintervals tends to infinity:
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Wasserfallen and Zimmermann (1985) proposed the previous tick method which is to always use the most recently published price:
The sequence of the one-minute sampling prices is constructing for this study according to the previous tick method, in order to get a volatility measure that does not converge in probability to zero, as the number of equidistance points in time tends to infinity. realized volatility benchmarks. Avoiding a specific framework for the market microstructure noise, the realized volatility will be subject to the measurement error;
Microstructure Frictions
named realized volatility error:
. The variance of the realized volatility is order less that 1   . Hence (based on Section 2), we get that
. Thus:
Optimal Sampling Frequency
The accuracy improves as the number of sub-intervals increases, or 
Inter-day Adjustment
Hansen and Lunde (2005)  are presented in Table 2 .
. I n t r a -D a y R e a l i z e d V o l a t i l i t y f o r 1 7 E u r o p e a n a n d U S A S t o c k I n d i c e s
The dataset considers major EU and US stock market indices with the longest continuous history. The selection is based on i) the indices' market capitalization and ii) the fact that they are the most publicly quoted stock market indices. In addition, most indices are considered as benchmark indices for stocks (e.g. Nasdaq, S&P500) traded internationally as they contain about 70-80% of the value of their individual stocks. Moreover, the list includes world's top stock exchanges by value shares traded as reported by World Federation of Exchanges Industry Association. Table 1 presents information for the one-minute intra-day data for the 17 indices: S&P500, S&P100, Dow Jones Industrial Average, Nasdaq100, Russell2000, S&P400 Midcap, FTSE100, AEX25, IBEX35, DJ Euro Stoxx 50, DAX30, CAC40, DJ Stoxx 50, FTSE Euro Top 300, FTSE MIB Index, Swiss Market Index and Euronext100.
[Insert Table 1 about here] The proposed realized volatility measures assume that i) a very high sampling frequency is available for the data (section 2), ii) the sequence of the sampling prices is constructing according to the previous tick method (section 3.1), and iii) the intraday autocovariance comprises the measurement errors due to market frictions (section 3.2). The optimal sampling frequency is chosen as the highest frequency for which the 
autocovariance bias term disappears. Therefore, the sampling frequency, m , is selected based on a trade-off between accuracy and potential biases due to market microstructure frictions. As Andersen et al. (2006) [Insert Figure  2 About here] [Insert Table  2 The first group mainly contains leading European and USA stock indices such as Euro Stoxx 50, DJStoxx50, DowJones, FTSE100, FTSE EuroTop300, Russell2000, S&P100, S&P400 MidCap and S&P500, whereas the second group mainly comprises from secondary European and USA indices such as AEX25, CAC40, DAX30, Euronext100, IBEX35, MIB, Nasdaq100, SMI. In the case of the leading stock indices about 4% of daily volatility occurs during the inactive period. As concerns the second group, the 25%, on average, of daily volatility occurs during the inactive [Insert Figure  3 About here]
V a r i a b i l i t y o f I n t e g r a t e d V a r i a n c e
The inter-day adjusted realized volatility reduces significantly the underestimation of the true variability. True integrated volatility,
, is known only in simulation experiments, but we are able to estimate from the actual data the variance of the realized volatility measure, Table 3 about here] whereas it was ascending for the second half.
[Insert Figure  4 About here] Figure 5 represents, for 4 indices, the distributions of inter-day adjusted realized standard deviations, based on Kernel bandwidths method. The distributions are highly leptokurtic and skewed to the right. Figure 6 interprets the estimated density of the inter-day adjusted realized daily logarithmic standard deviations. The distributions of logarithmic standard deviations are approximately Gaussian. Figure 7 plots the estimated density of the standardized log-returns; the standardization of the log-returns with the realized standard deviation reduces kurtosis and skewness significantly.
. D i s t r i b u t i o n a l P r o p e r t i e s o f R e a l i z e d V o l a t i l i t y
[Insert Figure  5 About here] [Insert Table 4 about here] According to Table 4 , the average value of the annualized standard deviation for the 17 stock indices is 17.5%. However, there is considerable variation among stock markets. In particular, the maximum annualized volatility is observed for the According to Tables 6 and 7 , on average, the standardized log-returns have a 95% lower standard deviation than the raw log-returns. The sample kurtosis of the standardized log-returns is, on average, 77% lower than the kurtosis of the unstandardized log-returns. The sample kurtosis for all of the 17 cases does not exceed the normal value of three.
[Insert Figure  6 About here] [Insert Figure  7 About here] We, therefore, provide evidence from the 17 stock market indices that i) the daily realized volatility constructed from high-frequency data is approximately log- [Insert Table 5 about here] [Insert Table 6 about here] [Insert Table 7 about here]
. C o n c l u s i o n a n d S u g g e s t i o n s f o r F u r t h e r R e s e a r c h
The studies of Hansen and Lunde (2006b) and Patton (2011) showed that the use of a volatility proxy can lead to an evaluation appreciably differing from what would be obtained if the true volatility were used. The noisier the proxy is, the less precise evaluation would have been obtained. The realized volatility is computed in sampling frequency that minimizes the noise accumulation due to market frictions.
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The presence of market microstructure noise makes it optimal to sample less often than would otherwise be the case in the absence of noise. The sample frequency that minimizes the micro-structure noise is estimated according to the volatility signature plot, avoiding of need to define a specific relation for efficient prices and market microstructure noise. The sequence of the one-minute sampling prices is constructing according to the previous tick method, which provides realized volatility measure that does not converge in probability to zero, as the number of sub-intervals tends to infinity. Moreover, we take into consideration the inter-day adjustment that minimizes the distance between realized volatility measure and integrated volatility.
The empirical findings obtained from the 17 stock market indices suggest that:
i) The proportion of volatility that occurs when the markets are closed ranges from market to market; for the leading (secondary) stock indices about 4% (25%) of daily volatility occurs during the inactive period.
ii) The distribution of inter-day adjusted realized standard deviation is highly leptokurtic and skewed to the right. iii) The daily realized volatility constructed from high-frequency data is approximately lognormally distributed. iv) There is considerable variation among stock markets; the median annualized volatility across the 17 stock markets, ranging from 10.7% for S&P500 to 20.9% for Nasdaq100. v) The log-return series standardized with the realized standard deviation is approximately unconditionally normally distributed. vi)
The standardization of the log-returns with the realized standard deviation reduces kurtosis and skewness significantly. The standardized log-returns have a 94% lower standard deviation and 69% lower kurtosis than the raw log-returns. vii) The correlation among realized volatilities is positive and high, but for some periods it xiv Under the assumption that the sample path of the process is available, the range-based realized volatility is consistent and has five times greater precision than that of the realized volatility. 
